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Résum é
L ’entrée de calcium  au niveau des branchies est sous le con trô le  inh ib iteur de la stanniocalc ine (STC) qui est 
synthétisée au niveau des corpuscules de S tannius (CS). L ’ab la tion  des CS chez l’anguille d ’A m érique  du 
N ord , A n g u illa  rostrata  LeSueur, induit une au g m en ta tio n  rap ide  des niveaux de calcium dans le sang. Le 
flux en tran t  b ranch ia l de calcium  consécu tif  à l ’ab la tion  des CS (stanniectom ie, STX) augm ente  pen d an t les
4 prem iers jo u rs  et reste élevé au-delà  (en accord  avec des études antérieures). Le potentiel transépithélial 
(T E P ) à travers les branchies ne change pas après ST X , ceci ind iquan t que le g rad ien t é lectrochim ique du 
C a 2+ est m oins favorab le  p o u r  le flux en tran t  passif  du C a 2+ chez l’anguille STX . En conséquence, le flux 
en tran t  de C a 2+ chez l ’anguille STX  est un flux transcellu laire , avec le C a 2+ traversan t la barrière  m em - 
b rana ire  apicale et baso la téra le . La cinétique du t ra n sp o r t  de C a 2+ condu it  par  l’A T P  à travers les m em ­
branes p lasm atiques  basola téra les  de branches d ’anguille n ’est pas m odifiée  après STX . Ainsi, l’au g m e n ta ­
tion du flux en tran t  de C a 2+ après STX  n ’est pas corrlée avec des m odifica tions de l’excrétion de C a 2+ con­
duit par  l’A T P  à travers la m em b ran e  baso la téra le , suggéran t donc  une régulation  au niveau de la m em b ran e  
apicale. De plus, la STC ne m odifie  pas le t ra n sp o r t  de C a 2+ condu it  par  l ’A T P  dans des m em branes  
basola téra les  isolées (in vitro). La STC (0.1 nM ) réduit les niveaux d ’A M P c  dans des cellules dispersées de 
branchies d ’anguille. C ette  h o rm o n e  n ’a pas d ’effet s ignificatif sur les niveaux d ’I P 3 dans ces cellules. N ous 
suggérons que la STC régule la perm éabilité  au C a 2+ des m em branes  apicales des cellules branchiales t ra n s ­
porteuses de C a 2+ en co n trô lan t  un  second m essager agissant sur les canaux  calciques de la m em b ran e  
apicale.
A b strac t
T he  b ranch ia l C a 2+ u p take  by teleost fish is under  inh ib ito ry  con tro l  by the h o rm o n e  stanniocalc in  (STC) 
which is genera ted  by the corpuscles o f  S tannius (CS). Rem oval o f  the CS in N o rth  A m erican  eel, A n g u illa  
rostrata  LeSueur, induced a rap id  rise in b lood  calcium levels. B ranchial C a 2+ influx following the ex tirpa­
tion o f  the CS (s tann iectom y, STX) increased during  the first fo u r  days and  stayed elevated the rea fte r  (in 
agreem ent with previous studies). T he  transepithelia l po ten tia l  (T E P ) across the gills did no t change a fte r  
STX  and  this m eans th a t  the electrochem ical g rad ien t fo r C a 2+ is less favo u rab le  fo r passive influx o f  C a 2  +
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in STX eel. T herefo re , the C a 2  + influx in STX eels is a transcellu lar flux, with C a 2  + crossing the apical and  
basola tera l m em b ran e  barrier. The kinetics o f  A T P-driven  C a 2 + - tran sp o rt  across basola tera l p lasm a m em ­
branes from  eel gills did not change a f te r  STX. T hus, the increased C a 2  + -influx a fter  STX is not corre la ted  
with changes in A T P -dependen t C a 2  + -extrusion across the basola tera l m em brane , suggesting a regulation 
at the apical m em brane . M oreover, STC did not affect A T P -driven  C a 2 + - transpo rt  in isolated basola tera l 
m em branes  (in vitro). STC (0.1 nM ) reduced cA M P  levels in dispersed eel gill cells. It had no significant effect 
on the IP 3 levels in these cells. We postu la te  tha t STC contro ls  the perm eability  to C a 2+ o f  the apical m em ­
branes o f  the C a 2+ tran sp o rt in g  cells o f  fish gills by contro lling  second messenger opera ted  C a 2+ channels 
in the apical m em brane .
In troduc tion
Freshw ater fish continuously  abso rb  calcium from  
the w ater via their gills, to an extent sufficient for 
g row th  and  hom eostasis , even in relatively soft 
waters (Flik et a/. 1985, 1986). C a 2+ flux ratio  
analysis allows the conclusion tha t C a - + m ove­
m ent from  the w ater to the b lood in freshw ater gills 
is transcellu lar and  tha t the process depends on an 
energy consum ing  extrusion m echanism  in the 
basolateral m em brane  (Perry  and  Flik 1988). In 
con junc tion  with these results the presence o f  n o n ­
voltage gated apical C a 2+ channels was strongly 
indicated (Perry  and  Flik 1988). There  is substan tia l 
evidence for the presence o f  an A T P -consum ing  
Ca*-+ pum p  in the basolateral m em branes  o f  the 
branchial epithelium  o f  tilapia (Flik et al. 1985a), 
eel (Flik et al. 1985b) and  trou t (Perry  and  Flik
1988). H ow ever, the m echanism s whereby b ran ch i­
al calcium up take  is contro lled  are only partly  u n ­
ders tood .
P ro lactin  (Flik et al. 1989) and  cortisol (Flik and  
Perry  1989), which exert hypercalcemic actions in 
freshw ater fish, con tro l the nu m b er  o f  C a 2  + 
pum ps in the branchial epithelium  and  determ ine, 
therefo re , the calcium tran sp o rt in g  capacity  o f  the 
gills. The calcitropic actions o f  pro lactin  and  c o r­
tisol however, becom e noticeable only in the long 
term , i .e . , a f te r  approx im ate ly  4 days. T he  question  
rem ains whethe a “ m inute  to m in u te”  endocrine  
regulation  o f  C a 2+ tran sp o rt  in fish gills occurs 
and , if so, how it is realized. Recent studies in our 
labo ra to ry  have indicated tha t the m a jo r  hypocal- 
cemic h o rm o n e  in fish, s tanniocalcin  (STC) is a 
likely cand ida te  fo r a rap id  contro l o f  C a 2+ influx. 
STC inhibits b ranchia l C a 2+ influx from  w ater to 
b lood: in a tro u t  isolated head p rep ara t io n  STC was
show n to inhibit C a 2+ influx within 15 min (Lafe- 
ber et al. 1988). STC prevents en trance  o f  4 5 C a 2  + 
into the branchia l epithelium  in tro u t  which co in ­
cides with a reduction  in whole body  C a 2+ influx 
(Verbost et al. 1989). T he  effect is m im icked by 
10 “ 6  m o l . l - 1 L a 3+ in the w ater. This suggests tha t 
there are C a 2+ channels in the apical m em brane  
that determ ine the whole body C a 2+ influx (Perry  
and  Flik 1988; Verbost et al. 1989) and  tha t STC is 
able to close these channels.
In this s tudy we test the hypothesis tha t  STC co n ­
trols the apical en trance  o f  C a 2+ as a rap id  m eans 
o f  C a 2+ influx regulation . So far, we have failed to 
isolate an apical m em b ran e  frac tion  o f  b ranchia l 
epithelium  for biochem ical assays. T he  apical m em ­
brane  o f  the chloride cells (and there  is general co n ­
sensus th a t  only the chloride cells con tr ibu te  to 
C a 2+ tra n sp o r t  via the gills (reviewed by Fenwick
1989)) fo rm s only a m inor part  o f  the to ta l m em ­
brane  surface  facing the w ater (in freshw ater gills 
the ch loride  cells m ake  up a ro u n d  5%  o f  the 
epithelium ). Isolation o f  chloride cells p r io r  to  the 
m em b ran e  isolation is no t feasible with freshw ater 
gills due to the low yield and  difficulties with 
charac te riza tion . The experim ents presented  here 
were designed in such a way tha t  the need o f  iso la t­
ed apical m em branes  could  be c ircum vented . 
R ather th an  show ing the direct effects o f  STC on 
the cell entry  o f  C a 2+ across the apical m em b ran e  
we collected evidence showing th a t  STC  does not 
affect the C a 2+ p u m p  in the baso la tera l m em brane  
and  transm its  a signal th ro ug h  a second messenger 
system in the gill cells. The extrusion o f  C a 2  + 
across the baso la te ra l m em b ran e  was analyzed by 
determ in ing  the kinetics o f  the C a 2+ tran sp o rt in g  
A T P ases  in m em branes  from  stanniectom ized  
(STX) and  con tro l an im als. M oreover, we tested
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in vitro  if STC has a direct effect on C a 2+ tra n s ­
port  in isolated baso la tera l p lasm a m em branes . The 
effects o f  STX  and  STC replacem ent therapy  on 
transepithelial C a 2+ influx in the gills were a n a ­
lyzed by m easuring  branchia l C a 2+ influx. Finally, 
we evaluated  the effects o f  STC on the conten t o f  
two second messengers in b ranch ia l epithelium , 
viz., cyclic A M P  (cA M P) and  IP 3. It is p roposed  
tha t  STC contro ls  the C a 2+ influx via second m es­
senger contro lled  C a 2+ channels in the apical 
m em b ran e  o f  the chloride cell.
M ateria ls  and  m ethods
Fish
Sexually im m atu re  fem ale eels, A n g u illa  rostrata  
LeSueur, with a body  weight ranging from  100 to 
300 g were collected at the eel ladder o f  the S a u n ­
ders H ydroelectric  D am  in the St. Law rence river 
near C ornw all,  O n ta r io ,  C an a d a .  T he  fish were 
tran sp o r ted  in icecooled boxes to  labora to ries  in 
O ttaw a  and  in E d m o n to n .  In the lab o ra to ry  the fish 
were kept in runn ing  dech lorina ted  tapw ate r  (0.45 
m m o l . l " 1 C a  in O ttaw a , 0.80 m m o l .1“ 1 C a in E d ­
m o n ton )  a t 12 to 16°C under  a p h o to p e r io d  o f  16h 
o f  light a lte rna ting  with 8 h o f  darkness . T he  eels 
were not fed.
A n a ly tica l m ethods, h o rm o n es
P lasm a to ta l calcium con ten t was de term ined  with 
a com m ercial co lorim etric  calcium kit (Sigma). 
C om bined  calcium  p h o sp h a te  s tan d a rd s  (Sigma) 
were used as reference. P ro te in  was determ ined  
with a com m ercial reagent kit (B iorad) accord ing  to 
the m ethod  o f  B rad fo rd  (1976), using bovine serum  
a lbum in  (BSA, Biorad) as a reference.
R ad io tracer  activities were de term ined  with a 
W allac 1410™  liquid scintillation coun te r  (P har-  
m ac ia /L K B ).
T ro u t  STC (tSTC) was purified  in tw o steps. The 
first step was concanavalin -A  affin ity  c h ro m a to g ­
raphy  as described in detail before  (L afeber et al. 
1988). In the second step a size-separation was per­
fo rm ed  with the S M A R T ™  system (P h arm a-  
c ia /L K B ) on a su p e rd ex ™  75 H R  10/30 co lum n 
(high pe rfo rm ance  gel f iltra tion  co lum n). In all ex­
perim ents we used tST C  which is bioactive in he te r­
o logous assays (e .g ., Lafeber et al. 1988b).
T he  transepithelial po tentia l (T E P ) across the 
gills o f  eel were m easured  by m eans o f  a saline-filled 
can nu la  in the pneum ogastr ic  artery . T he  T E P  
(m ucosa  zero) was recorded  after  am plif ica tion  
with high inpu t resistance am plifiers connected  via 
Ag-AgCl electrodes (from  W P -ins trum en ts)  and  3 
m m o l . l “ 1 K CL bridges to  the cannu la  and  the ex­
ternal m edium . T he  electrode asym m etry  between 
the in ternal and  external electrode was checked be­
fore and  a fte r  each reading and  a p p ro p r ia te  co m ­
pensation  was m ade. T E P  values stabilized within 
two days a f te r  placing the cannu la . The reported  
T E P  values were recorded  on day 3 a fter  surgery.
Surgery
S ta n n iec to m y
Eels were quickly anaesthetized  in trishydrox- 
ymethyl am in o m eth an e  (Tris)-buffered  (pH  7.4) 
e thy l-am inobenzoate  (MS222, 3 g . l - 1 ) and  stan- 
niectom ized o r sham -opera ted  (L eloup-H atey  
1964). G o o d  care was taken  in su tu ring  the renal 
capsule (E thicon G - 6 , c a t .n o .E H 7 4 3 5 G ), the m us­
cle layer and  the skin. T he  average tim e needed for 
surgery was 1 2  m in; an as small as possible incision 
( 1  cm) was m ade  to minimize effects o f  surgery on 
flux de te rm ina tions  (see below). T he  fish were a l­
lowed to recover from  surgery in 1 0 0  1 tanks  with a 
v igorous flow o f  well aera ted  tapw ate r .  
C annula tion
Eleven days a f te r  the s tann iec tom y fish were 
anaesthetized  again  and  the pneum ogastr ic  artery  
was cannu la ted  accord ing  to  procedures described 
by C hester Jones  et al. (1966). Eels were kept in­
dividually in opaques  boxes, perfused  with runn ing  
dech lo rina ted  (O ttaw a) tapw ate r  (30 1/h). T he  can ­
nulas were used for T E P  m easurem ents  on  u n ­
anaesthetized  eels three days a fter  the surgery.
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Ca2+ in flu x
For the de te rm ina tion  o f  C a 2 + fluxes between 
w ater and  fish, the eels were individually housed in 
flux boxes (volum e 1.3 1), provided with a flow o f  
well-aerated water. T ran sfe r  to the boxes was at 
least 24h before  the start o f  the experim ent to 
minimize influences o f  handling  stress.
At the start o f  an influx experim ent the water 
flow th rough  the box was d iscontinued  and  45Ca 
(1 . 6  M B q . l“ *) was added to the w ater via a hole in 
the cover o f  the box. Rapid mixing o f  the isotope 
with the w ater was guaran teed  by aera tion  o f  the 
water. The w ater 45C a specific activity was m o n i­
tored  by analyzing 0.5 ml w ater samples taken every
30 m in for a 3h period. The eel was then an aes the ­
tized in a slightly acidic solution o f  MS222 (3g.l “ 1, 
pH  6.0) and  rinsed with tapw ater ,  to which 10 
m m o l .I - 1  CaCK had  been added , to facilitate the 
rem oval o f  tracer adsorbed  to the external in tegu­
m ent. A blood sam ple was taken  by card iac  p u n c ­
ture and  the eel quick-frozen  at -  80°C . Blood was 
centrifuged (15 sec, 9000 x  g) and  p lasm a stored  at 
-  20°C  until fu r ther  assay (total Ca, radioactiv ity). 
A m m o n iu m  heparin  (500 IU .m l- 1 ) was used as an 
an ticoagu lan t.
To determ ine extraintestinal C a 2+ influx, the 
frozen intestinal tract was rem oved from  partly  
defrosted  anim als and  kept separa te  for tracer an a l­
ysis. In this way the tracer up take  as a result o f  
drink ing  was excluded from  in tegum ental up take  
(Pang  et al. 1980). The rest o f  the fish was micro- 
waved (1.5 m in, 700 W) and  hom ogenized  with 
w ater ( 1  m l .g - 1  fish) in a com m ercial blender. 
Trip licate  samples (approxim ately  10 g, weighed ±
0.001 g) were ashed overnight at 600°C. Ashes were 
dissolved in concen tra ted  H N 0 3 and subsequently  
neutralized with K O H . Q uin tup le  samples were 
analyzed for 4 5 Ca. Extra in testinal C a 2 + influx was 
calculated on the basis o f  the to tal body (m in u s  in­
testine) tracer con ten t a fte r  3h exposure  to  the 
tracer and  the w ater tracer specific activity (which 
was constan t during  this period). C a 2+ influx was 
norm alized  to the weight o f  the fish by linear ex­
trap o la tio n  and  expressed in n m o l .h - 1  per 1 0 0  g 
fish.
O ne g roup  o f  eels was trea ted  with tSTC: 14 days
after  STX a single in traperitoneal injection o f  tSTC  
was given one h ou r  before  the s tart o f  the flux ex­
perim ent. T he  dose was 1.85 nm ol.(lOOg)-  1 fish, a 
dose previous shown to inhibit C a 2+ influx in in­
tact trou t by 36%  (L afeber et al. 1988). The carrier 
volum e was 250 /il. In jections o f  saline (0 .6%  
NaCl) used as carrier served as contro l.
Isolation o f  p la sm a  m em branes
T he p rocedure  for the isolation o f  baso la tera l p las­
ma m em branes  o f  branchial epithelium  from  eel 
and  for the m arker  enzyme assays used in these 
procedures have been described in detail before  
(Flik et al. 1985b). In short,  a fter  hom ogen iza tion  
( 2  min u ltra tu rrax )  o f  gill epithelial scrapings, 
nuclei and  cellular debris were separa ted  from  
m em b ran e  fractions (superna tan t)  by cen tr ifuga­
tion at 550 x  g for 10 min. Next, m em branes  were 
collected by u ltracen tr ifuga tion  (250,000 x  g, 30 
min) and  a pellet consisting o f  a firm  brow nish  part 
with a fluffy layer on top  was ob ta ined . This fluffy 
layer was resuspended in isotonic sucrose-buffer 
with a D ounce hom ogenizer (100 strokes). This 
m em b ran e  suspension was centrifuged d iffe ren tia l­
ly: 1 0 0 0  x  g for 1 0  m in, 1 0 , 0 0 0  x  g for 1 0  m in and  
50,000 x  g for 15 min yielding the final pellet. The 
m em b ran e  p repara tions  were specifically enriched 
in the p lasm a m em brane  m ark er  (Na + /K  + )- 
A T P ase  (results in T ab le  1) and  essentially free o f  
m itochondria l ,  endoplasm ic  reticular or Golgi 
m em b ran e  fragm ents  (less than  1%). An estim ated  
59%  o f  the m em branes  are resealed and  33%  are 
oriented  inside-out. T he  vesicular space determ ined  
by [1 4 C ]-m annito l equ ilib ra tion  is a ro u n d  2 
¿¿l.mg - 1 p ro te in .
Vesicles were loaded with purified  tS T C  (18.5 
p m o l . l“ 1 to 18.5 n m o l . l -  ]) by add ing  the h o rm o n e  
to the vesiculation m edium . T hus the h o rm o n e  was 
present at the receptor side o f  the vesicles tha t c o n ­
tr ibu te  to the in vitro  C a 2+ tran sp o r t  (i.e ., the 
inside-out orien ted  vesicles). L oad ing  o f  the vesicles 
was verified in a com petitive E L IS A  for STC (M ay­
er G ostan  et al. 1992; H anssen  et al. 1992): 50 to 
60%  o f  the vesicle tST C  con ten t was released by a 
saponin  wash step showing the presence o f  tST C  in
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Table I . Transepithelial potential (TEP) and plasma ions (Ca, Na, Cl) in eel in freshwater for 14 days after stanniectomy (STX). Values 
at day 3 after cannulation ( ±  SEM)
T E P  (mV) Ca (mM) Na (mM) Cl (mM)
STX (n = 8) 
sham (n = 6)
- 3 . 0 0  ±  1.24 
- 2 . 8 3  ± 1.03
5.70 ±  0.55* 
2.72 ± 0.14
147.9 ±  2.8 
147.1 ±  1.8
97.7 ±  3.1 
99.2 ± 7.8
Mean values ( ± SEM) at day 3 after cannulation; * significantly different from shams.
the vesicles. A pparen tly ,  the rem ain ing  40 to 50%  
was strongly b o u n d  to the m em branes . T he  vesicu­
lar concen tra t ion  o f  tSTC  was linearly related to  the 
loading concen tra tion  o f  tSTC  (r0  =  0.996, n =  4, 
p <  0.05). Vesicles loaded with BSA served as 
con tro l.
Vesicle Ca2+ transport assay
Vesicles were resuspended in 150 m m o l . l - 1  KC1,
0.8 m m o l . l - 1 M g 2  + , and  20 m m o l . l - 1 H ep es /T ris  
pH  7.4. C a 2+ tran sp o r t  in to  m em b ran e  vesicles 
was de term ined  using a rap id  filtra tion  technique 
and  assay m edia in which C a 2+ and  M g2+ concen­
tra tions  are carefully buffered  (Schoenm akers  et al. 
1992). In a d ifferen tia l assay the A T P -d ep en d en t  
C a 2+ tran sp o r t  in m em b ran e  vesicles was assessed 
as described in detail before  (see Verbost et al. 
1988). T he  incuba tion  m edium  con ta ined  45 fig o f  
vesicle pro te in  per assay, and  (in m m ol.l  -  ]): 150 o f  
KC1, 0.8 o f  M g 2 + , and  20 o f  H ep es /T r is  pH  7.4,
0.5 o f  E G T A , 0.5 o f  H E E D T A , 0.5 o f  N T A , 3 o f  
A T P . C a 2+ concen tra tions  from  0.05-1 /xm ol.l - 1  
were used to  assess the C a 2  + -dependence o f  the 
A T P -d ep en d en t  C a 2+ tran sp o r t .  A 1 min schedule 
was chosen for all de te rm ina tions , as it is long 
enough to perm it good  accuracy while still within 
the linear part o f  the tim e-dependency curve. W hen 
STC was tested on C a 2+ tran sp o r t  in p lasm a m em ­
brane  vesicles, the h o rm o n e  was included in the 
vesiculation m edium  (see isolation o f  p lasm a m em ­
branes).
Iso la tion  o f  gill cells
T he gill arches o f  a eel were excised and  rinsed in sa­
line (50 ml o f  0 .9%  N aC l, 0.1 m m o l . l -  1 E D T A , 20
i.u sodium  heparin). T he  epithelium  was scraped 
o f f  on an ice cold glass plate. T he  scrapings were 
resuspended in lysis-medium (9 parts  0.17 M 
N H 4 C1, 1 part  0.17 M T r is /H C l  pH  7.4; Yust et al. 
1976) and  incubated  for 30 min at room  tem p era ­
tu re  leading to lysis o f  red b lood  cells and  tissue 
frac tiona tion  (Verbost and  Flik 1992). Cells are sus­
pended  at the beginning and  resuspended at the end 
o f  this incubation  period by passing them  th rough  
a 10 ml pipet (3 m m  bore  d iam eter). T hen  the cells 
were sieved th ro ug h  1 0 0  im  mesh nylon gauze to re­
move cell clusters and  washed (cen trifugation  at 
150 x  g for 5 min at 4°C ) in eel Ringer (contain ing 
in m m o l . l - 1 : 112.8 o f  N aC l, 4.2 o f  KC1, 13.1 o f  
N a H C 0 3, 0.4 o f  K H 2 P 0 4, 1.0 o f  N a 2 H P 0 4, 1.3 o f  
C aC l2, 1.2 o f  M g S 0 4, 0.1 o f  (N H 4 ) 2 S 0 4, pH  7.4 
aera ted  with 95%  O-, 5%  C 0 2). T he  red cell co n ­
tent o f  this p rep ara t io n  is less than  2 % .
c A M P  a n d  IP 3 assays on dispersed gill cells 
c A M P
Just  before  the incubation  isobutyl methyl xan th ine  
(IB M X , 10 - 4  M) and  forskolin  (5 .1 0 “ 6  m) were 
added  to the cells. Incuba tion  was s tarted  by t ra n s ­
ferring cells (200 fi\ in eel R inger, 500 fxg protein) to 
tubes con ta in ing  h o rm o n e  (in 2  /¿I) and  short vortex 
mixing. Cells were p rew arm ed  for 2 min. T he  incu­
bation  tem p era tu re  was 25°C . T he  reaction  was 
s topped  by mixing with 0 . 2  volum e o f  ice-cold 2 0 % 
perchloric  acid and  the suspension was kept on ice 
for 20 m in. T he  m ixture  was neutralized  with 1.5 
m m o l . l - 1  o f  K O H  con ta in ing  60 m m o l . l - 1  o f  
Hepes b u ffe r  and  phenol red as pH  ind ica tor. P r o ­
teins and  precip ita ted  K C L 0 4  were sedim ented by 
cen tr ifugation  at 9,000 x  g for 2 m in. S uperna tan ts  
were used in the c A M P  assay (A m ersham  cA M P  as­
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Table 2. Effects o f  stanniectomy (STX) on active calcium transport in plasma membrane vesicles o f  eel branchial epithelium. Maximum 
velocities and K0 5-values were derived from kinetic analyses o f  ATP-driven C a2+ transport into inside-out-vesicles. No significant ef­
fects were observed between any group tested whereas plasma Ca had significantly increased. Removal o f  the CS did not effect the total 
amount o f  Na + /K  • -ATPase (determined on cell homogenates) or the purification o f  the basolateral membranes
11 Plasma Ca
C a 2 + ATPase Na + /K + ATPase
Vmax Kq.5 S.A. T .A . Purification
untreated 12 2.77 ± 0.32 3.16 ± 1.31 1.80 ±  30 3.56 ± 1.29 521 ± 85 6.16 ± 0.63
sham (2 days) 6 2.97 ± 0.21 2.43 ± 0.2S 2.30 ± 40 37.9 ± 5.2 552 ± 120 6.18 ± 1.12
STX (2 days) 6 3.15 ± 0.36 3.32 ± 0.69 2.10 ± 80 3.41 ± 1.39 574 ± 108 5.26 ±  1.08
sham (14 days) 6 3.13 ± 0.25 3.01 ±  0.38 1.20 ±  40 34.1 ± 9.4 557 ± 95 5.51 ± 0.68
STX (14 days) 6 4.45 ± 1.55* 4.04 ± 1.09 150 ± 40 34.0 ± 12.2 601 ± 58 5.25 ± 0.69
Mean values ± SD; Vmax, C a2+ transport  in n m o l .m in - ’.m g - 'protein; K05, (Ca2 + ) in n m o l . I - 1 ; plasma Ca, in m m ol . I - 1 ; S .A.,  
specific activity Na + /K  + -ATPase in purified basolateral membrane preparation in /¿mol P i . h _1.m g _1 protein; T .A . ,  total activity 
Na + /K  +-ATPase in cell homogenate in ¿¿mol P i . h -1 calculated as the S.A. in the cell homogenate multiplied by the total am ount  of  
protein o f  the cell homogenate; purification, calculated as the S. A. o f  basolateral membranes divided by the S. A. o f  the cell homogenate; 
* significantly different from 14 days sham and untreated control
say kit, TR K .432 , applying the cA M P  binding p ro ­
tein m ethod).
I P 3
The sam e incubation  p rocedure  was used as for the 
cA M P  m easurem ents  (see above). D ifferences were 
the am o u n t  o f  p ro te in  per assay ( 1 0 0  ¿ig instead o f  
500 fig), the presence o f  10 mM  LiCl (instead o f  
IBM X ) and  the m ethod  o f  s topp ing  the reaction . 
To ensure a quick stop the P C A /ce l l-m ix tu re  was 
transfe rred  to liquid n itrogen . A fte r  collecting all 
the sam ples this way, they were thaw ed , neutralized  
and  centrifuged as above. F rom  the resulting su p e r­
n a tan t  100 fx\ was used in the I P 3 assay (A m ersham  
IP 3 assay kit, TR K .1000, applying the IP 3 b inding  
pro te in  m ethod).  D a ta  were expressed in pm ol cy­
clic nucleotide  or I P 3 per mg pro te in  present in the 
P C A  extract o f  the tissue.
Sta tistics a n d  calculations
Values are presented  as m eans ±  s tan d a rd  devia­
tion , unless o therw ise s ta ted . T he  S tu d e n t’s t-test or 
the M an n -W h itn ey  U-test were applied  where a p ­
p ro p r ia te  to  assess statistical significance o f  d if fe r­
ences betw een m eans. L inear regression analysis
was based on the least squares m e th o d . A p-value 
<  0.05 was taken  to  indicate  significance.
Results
S T C  a n d  calcium  in flu x
In STX  eels the C a 2+ influx was significantly 
s tim ula ted  co m p ared  to  tha t  in u n trea ted  and  sham  
op era ted  eels. T he  s tim ula tion  o f  C a 2  + up take  
reached a m ax im um  4 days a f te r  STX , the resulting 
hypercalcem ia  reached its m ax im um  afte r  14 days. 
P la sm a  C a 2+ levels becam e significantly  elevated 
in STX  anim als  2 to  4 days a f te r  the surgery; the  fo l­
lowing levels were m easured  at the end o f  the flux 
experim ents  (in m m o l . I “ 1, n value between b ra c k ­
ets): U n trea ted ,  3 .0 2 ± 0 .4 0  (62); 14 days Sham , 
3 .2 0 ±  0.21 (6 ); 2 days ST X , 4.25 ±  0.69 (23); 4 days 
ST X , 5 .1 0 ± 0.90 (14); 14 days ST X , 6 .2 0 ± 1 .2 5  
( 12).
In jec tion  o f  tS T C  in eels tha t had  been stanniec- 
tom ized 14 days earlier, reduced C a 2+ influx by 
6 7 .7 % . T he  STC rep lacem ent did no t result in a sig­
n ifican t reduction  in p lasm a calcium  as m easured  
4h a f te r  in jec tion , i.e ., at the  end o f  the influx ex­
perim en t (14 days STX  +  ST C , 5.94 ± 1 .1 9  
m m o l .1" 1 C a , n =  1 2 ).
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Fig. I . Effects o f  stanniectomoy on calcium influx in eel. Calci­
um influx was determined on untreated (U), sham-operated (S) 
and 2 - 1 4  days stanniectomized (STX) eels. Injection o f  STC in 
14 days STX eels reduces C a 2+ fluxes within 4h, the duration of  
the flux experiment (saline injection had no effect; results not 
shown). Values represent means ± SEM (n = 6). The plasma 
calcium measured at the end o f  the flux experiments are given 
in the text.
*, significantly different from shams.
**, significantly different from 14 days STX and 14 days shams.
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Fig. 2. Effects of  tSTC on the cA M P content in gill cells from 
eel. Dispersed cells were incubated for 10 min at 25°C. The 
cA M P concentration at the start o f  the incubation (zero time) 
was 82.7 ± 12.9 p m o l .m g _l (n = 4). Values represent means ± 
SEM (n = 3 for 1.85 and 18.5 pmol.I - 1 tSTC; n = 6 for the other 
concentrations).
*, significantly different from control value.
E ffe c ts  o f  s ta n n ie c to m y  on T E P
A fte r  14 days o f  STX  the transep ithelia l po ten tia l 
(m easured  betw een b lood  and  external m edium ) 
was no t d iffe ren t  f ro m  th a t  in the respective con tro l  
eels (Table  1). F rom  p lasm a th a t  was tak en  at the 
m o m en t o f  the T E P  m easu rem en t,  the C a 2  + , N a  + 
and  C l -  co n cen tra t io n  was de te rm ined . T he  plas-
/ / / / / / / / / /  / / / / / / / / /y
I
2 days
*
4 days-*
+  STC
m a C a 2+ level was significantly elevated and  N a + 
and  C l -  levels were not affected  by STX .
E ffe c ts  o f  s ta n n iec to m y  on A T P -d e p e n d e n t  Ca2 + 
transport
T he kinetics o f  A TP-energ ized  C a 2+ tra n sp o r t  in 
b ranchia l p lasm a m em b ran e  vesicles o f  eels taken  
at d ifferen t times a fte r  STX are presented  in Table  
2. W hatever the time after  rem oval o f  the glands, 
neither the capacity  (Vmax) no r  the affin ity  (K0  5 
(C a 2  + )) o f  the C a 2+ tra n sp o r t  system was affected  
when co m p ared  to un trea ted  or sham -opera ted  eels 
tha t  were tested at the sam e time. A lso, am o n g  the 
g roups  no differences were observed in the 
N a + /K  + -A T P ase  con ten t o f  the epithelium  and 
there were no differences in N a + /K  + -A T P ase  
specific activity.
E ffe c ts  o f  tS T C  on A T P -d e p e n d e n t  Ca2 + 
transport
In eel p lasm a m em branes  the C a 2+ tra n sp o r t  ki­
netics were not affected  by tSTC : neither the capac- 
ity (Vmax) n o r  the affin ity  (K 0  5 o f  the tran sp o r t  
process were affected  by 18.5 p m o l . I - 1 , 185 
p m o l . I - 1  and  18.5 n m o l . I - 1  tS T C  (Table 2). This 
m eans th a t  the C a 2+ tra n sp o r t  ra te , de te rm ined  at 
fou r  C a 2+ con cen tra t io ns  between 5 .1 0 “ 8 and  
1 .10 ~ 6  M , was the sam e in vesicles loaded  with 
tST C  (in the concen tra tions  m en tioned  above) as in 
con tro l vesicles loaded  with BSA. T he  tS T C  p re p a ­
ra tion  used in this m em b ran e  study was show n to be 
bioactive in eel (0.9 nm ol tS T C  per 100 g fish 
reduced  C a 2+ influx by 60% ).
S T C  a n d  seco n d  m essengers  
c A M P
As show n in Figure 2, tS T C  ( 0 .0 2 - 0 .2  n m o l . I - 1 ) 
reduced  cellular c A M P  in d ispersed eel gill cells 
tested in vitro  to 58%  o f  the con tro l .  L ow er con cen ­
tra tions  tS T C  (0.002 n m o l . l - 1  and  higher) did no t 
affec t cellular c A M P . F orsko lin  (5 /¿m ol.l- 1 ), a
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Fig. 3. Effects o f  tSTC on the IP3 content in gill cells from eel. 
Dispersed cells were incubated for l or 5 min at 25°C. The IP3 
concentration at the start o f  the incubation (zero time) was 139 
± 22 p m o l .m g - 1 (n = 4). Values represent means ±  SEM for 4 
determinations.
po ten t ac tiva to r o f  adenylate  cyclase (Seam on and  
Daly 1981), was used to provide a consistent and  
m odera te  cA M P  p ro d u c tio n  during  the experi­
m ents tha t  lasted for 10 min. W hen cA M P  p ro d u c ­
tion was m axim ally  stim ulated  with forskolin  ( 2 0  
/xmol.l- 1 ) tSTC  was no longer able to show a 
reduction  in cA M P  fo rm atio n  (results no t shown). 
W ith ou t fo rskolin  there was no significant cA M P  
p rodu c tio n  and  STC had  also no effect (results not 
shown).
IPs
Levels o f  I P 3 were no t significantly affected  by 
tST C  (1.85 p m o l . l - 1  to 1.85 n m o l . I - 1 ) a f te r  1 and
5 m in o f  incubation  (Fig. 3). O n the average, in co n ­
trols and  experim entáis , the I P 3 level was higher at 
1 min th an  at zero tim e o r 5 min (p <  0.016). The 
ap p aren t  lower value with 18.5 p m o l . l - 1 at 1 min 
does not represent a trend; in one  p rep ara t io n  the 
experim ental value was even higher than  the 
con tro l.
Discussion
W e advance  two new lines o f  evidence for our 
m odel (L afeber et al. 1988) tha t  s tanniocalc in  
(STC) reduces C a 2+ entry  in fish gills by contro l 
over C a 2  + channels in the apical m em brane . First,
the opera tion  o f  the baso la tera l C a 2+ pum ps a p ­
peared  independen t o f  STC , in vivo  (s tanniectom y 
did no t affect the C a 2+ tra n sp o r t  kinetics) as well 
as in vitro  (no im m ediate  effects either). Second, 
STC reduced cA M P  levels in the gill cells. W e 
postu la te  tha t  a cA M P  signal t ran sd u c tio n  system 
couples to  calcium channels in the apical m em b ran e  
o f  the C a 2+ tran sp o rt in g  cells. T here fo re , these 
channels have to  be considered second messenger 
opera ted  calcium channels.
Prev ious studies in t ro u t  had  a lready  indicated  
tha t STC  inhibited  the en trance  o f  C a 2+ into  the 
gill cells via L a 3 + -sensitive C a 2+ channels (V erbost 
et al. 1989). F u r th e rm o re ,  a regula tion  o f  transcel- 
lu lar C a 2+ tra n sp o r t  at the apical level seems the 
m ost efficient way to meet, s im ultaneously , the re­
qu irem en t o f  a low in tracellu lar C a 2+ co n cen tra ­
tion (M ayer-G ostan  et al. 1983).
Stanniocalcin  a n d  Ca2+ in flu x
Rem oval o f  the CS (STX) in eels caused an increase 
in C a 2+ influx. T he  increased influx was reversed 
by STC replacem ent therapy . This confirm s the 
conclusion o f  previous studies (L afeber et al. 
1988b; H anssen  et al. 1989) th a t  STC has an inh ib i­
tory  con tro l over C a 2+ influx from  the w ater. In 
this s tudy we used these STX  eels to  analyze how 
STC influences b ranch ia l C a 2+ tra n sp o r t  m ech an ­
isms. T he  first question  to be answ ered is if the 
C a 2+ influx occurs transcellu larly  in con tro l as 
well in STX  eels.
Stanniocalcin  a n d  transcellular Ca2+ in flu x
T he sham  opera ted  eels in the present s tudy had  a 
- 2 . 8  mV T E P  and  the co rrespond ing  N ernst 
equilib rium  poten tia l (C a 2  + water =  0.45 m m ol. 
I“ 1, C a 2  + plasma =  0.15 m m o l . l - 1 ) was -  14.6 mV. 
In the con tro l s itua tion  C a 2+ influx m ust therefo re  
be a transcellu lar process (Flik et al. 1985a, Perry  
and  Flik 1988). This result is agreem ent with previ­
ous studies show ing th a t  the  N ernst equilib rium  
po ten tia l  fo r C a 2+ is always m ore  negative th an  
the transepithelia l po ten tia l (T E P) in freshw ater
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Table 3. Effect o f  tSTC on the kinetics o f  ATP-dependent 
C a2+ transport  in eel gill plasma membranes. C a2+ free in the 
assay media was varied from 0.05 to 1.00 ¿¿mol.l-1
vY max Kq.s
control 0.85 ± 0.10 92 ± 24
tSTC (18.5 pM) 0.77 ± 0.09 81 ± 22
tSTC (185 pM) 0.76 ± 0.07 111 ± 24
tSTC (18.5 nM) 0.84 ± 0.06 91 ± 12
Mean values ±  SD; Vmax in n m o l .m in -  ' . m g - 1 protein; K0 5 in 
nm ol.I - 1
(that varies from  a ro u n d  0 to  -  16 mV at neutra l 
pH ; M aetz  and  B ornancin  1975; M cW illiam s and  
P o tts  1978; P erry  an d  W o o d  1985; Perry  an d  Flik
1988).
T hus , in the epithelium  o f  the gills the elec­
trochem ical g rad ien t fo r C a 2+ (driving the passive 
flux) is d irected ou tw ard ly . This led to the m odel in 
which C a 2+ passes the apical m em b ran e  passively 
(via pu ta tive  C a 2+ channels) an d  is ex truded  into 
the b lood  by C a 2+ pum ps in the baso la tera l m em ­
b rane  (e .g ., Flik et al. 1985a). Only if the T E P  
w ould  becom e m ore  negative, could  it drive a pas­
sive influx. STX  did no t cause a significant change 
in the T E P ,  how ever. In add it ion , the N ernst 
equilib rium  poten tia l is m ore  negative a f te r  STX  
( -  18 to - 2 3  mV) due to the rise in p lasm a C a 2 + . 
W e conclude, therefo re , tha t  the C a 2+ influx in 
STX  eels also occurs transcellu larly . F rom  this it 
can be derived th a t  STC  effects the apical C a 2  + 
t ra n sp o r t  step, the baso la tera l one, or bo th . T he  
baso la tera l t ra n sp o r t  step is directly accessible for 
biochem ical analysis (in con tras t  to  the apical b a r r i ­
er) as it can  be isolated (Flik et al. 1985b). T hus , we 
tested the hypothesis  th a t  STC reduces the b a so ­
lateral C a 2+ p u m p  activity. W e w ould  conclude 
th a t  STC reduces the trans it ion  across the apical 
m em b ran e  w hen an  effect o f  STC on the C a 2  + 
p u m p  can be excluded.
S T C  a n d  basolateral high a f f in i ty  Ca2+ transport
T o  test the hypothesis  th a t  the C a 2+ influx is regu­
lated a t the baso la te ra l level in the gill cells, the  ki­
netics o f  the baso la te ra l C a 2+ pu m p  in gills from
eels th a t  h ad  been s tanniectom ized  for 2, 4 and  14 
days were com pared  with those  o f  sham  opera ted  
eels. In STX  eels no  corre la tion  was fo u n d  between 
A T P -d ep en d en t  baso la tera l C a 2+ tra n sp o r t  (Vmax 
an d  K 0  5 were no t affected) in the gill tissue and  the 
whole body  C a 2+ influx. Such a lack o f  corre la tion  
supports  the hypothesis th a t  the con tro l by STC o f  
calcium u p take  is th ro u g h  changes in the apical 
m em b ran e  perm eability  ra the r  th an  th ro ug h  
changes in the ex trusion  process in the baso la tera l 
m em brane .
A fte r  ST X , the transcellu lar C a 2+ influx in­
creases, bu t  the capacity  o f  the extrusion  m ech an ­
ism rem ains unchanged . A pparen tly ,  the C a 2  + - 
A T P ases  opera te  below sa tu ra t io n  in vivo. Since 
the K 0  5 is 0.1 /xmol - 1  (Table 2) an in tracellu lar 
C a 2+ concen tra tion  o f  0.1 ¿ im ol.l “ 1 o r less is im ­
plied. Indeed , this C a 2+ concen tra tion  is consi­
dered  a physiological resting level fo r cells (C arafo li 
1987; S choenm akers  et al. 1992).
O ne could  argue th a t  a possible direct effect o f  
STC on  the baso la tera l C a 2+ p u m p  rem ains und is­
covered when isolated baso la tera l m em branes  from  
con tro l and  STX  eels are com pared  since en­
dogenous h o rm o n e  present in vivo  will m ost likely 
be lost during  the m em b ran e  isolation. H ow ever, 
we provide evidence th a t  STC does no t  affect the 
C a 2+ p u m p  in vitro  either. B ranchial p lasm a m em ­
branes th a t  were trea ted  with 18.5 p m o l . l - 1 , 185 
p m o l . l - 1  and  18.5 n m o l . l “ 1 tS T C  show ed the 
sam e A T P -d ep en d en t  C a 2+ tran sp o r t  charac te ris ­
tics as con tro ls  (treated  with BSA). This result 
shows th a t  STC  has no  direct effect on the 
baso la tera l C a 2+ pum p .
S e co n d  m essengers
It is generally accepted th a t  transcellu lar ion up take  
in the freshw ater gills takes place in the chloride 
cells (P ay an  et al. 1984; Perry  an d  W o o d  1985; P e r ­
ry an d  Flik 1988). T here fo re ,  the  changes in C a 2  + 
influx m ost likely reflect ch loride  cell responses to  
STC . A lthough  it has never been published  tha t  
receptors fo r STC  are restricted to  the  ch loride  cells 
o f  the b ranch ia l ep ithelium , we recently ob ta ined  
d a ta  from  im m unohis tochem ica l studies in favour
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o f  this concept in ou r  labo ra to ry  (H . C oo k , per­
sonal com m unica tion ) .  The finding that STC co n ­
trols apical C a 2 + channels implies tha t the h o r ­
m one generates a second messenger signal tha t 
conveys the STC message from  the basolateral 
m em b ran e  to these channels. We therefore  a n a ­
lyzed gill tissue for possible second messengers for 
STC.
STC reduced branchia l cA M P  levels in the eel gil 
cells. This effect on cA M P  is in agreem ent with the 
results o f  Flik (1990) who reported  a decrease o f  
cA M P  levels in trou t gill epithelium  after  perfusion  
with CS extracts. We conclude from  these results 
tha t cA M P  is involved in signal transduc tion  o f  the 
C a 2+ regulatory  h o rm o n e  STC. An interesting 
p rob lem , however, lies in the m agn itude  o f  the e f­
fect (42% reduction  in cellular cA M P ) and  the 
am o u n t  o f  putative  target cells (5% chloride cells). 
If the chloride cells are really the only target cells in 
the gills it m eans that m ost o f  the cA M P  present in 
the gill epithelium  resides in the chloride cells. This 
hypothesis is presently under investigation.
STC had  no significant effect on I P 3 levels in the 
eel gill cells. The lack o f  effect on the IP 3 p ro d u c ­
tion is in accordance with the ap p aren t  absence o f  
changes in in tracellu lar C a 2+ after  h o rm o n e  t re a t ­
m ent o f  dispersed gill cells (personal observation  
using Fluo-3 as a C a 2+ probe). Gill cells o f  tilapia 
do possess IP 3-releasable C a 2 + -pools as recently 
show n in studies with perm eabilized cells: 1 0  
¿¿mol.l - 1 I P 3 releases 80%  o f  the C a 2+ tha t  is A T P  
dependently  tran sp o rted  into the endoplasm ic  
reticulum  (Flik et al. 1992). T hus, the classical 
IP 3-signal transduc tion  system appears  to be p re ­
sent in gill cells. But clearly, m ore  com para tive  
studies are needed to exclude an effect o f  STC on 
I P 3 levels in gill cells in general.
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